. We conclude that P. tremuloides genotypes will respond differentially to rising atmospheric [CO 2 ], with the degree of response dependent on other abiotic factors, such as soil N and water availability. The observed genotypic variation in growth could result in altered genotypic representation within natural populations and could affect the composition and structure of plant communities in a higher [CO 2 ] environment in the future.
Introduction
Atmospheric CO 2 concentration ([CO 2 ]) has been steadily rising since preindustrial times and is predicted to double from the current ambient concentration by the end of the 21st century (Watson et al. 1990 ). Increased atmospheric [CO 2 ] leads to increases in net CO 2 assimilation (A) and productivity in most C 3 species, including trees (Poorter 1993, Curtis and Wang 1998) . Rising [CO 2 ] may therefore have a significant impact on forest ecosystems by increasing rates of carbon fixation. Changes in photosynthetic rates of woody species could affect the global carbon budget, because forests are globally important sinks for atmospheric CO 2 (Melillo et al. 1993) .
Herbaceous species show both interspecific (Poorter 1993 ) and intraspecific (Hunt et al. 1991 , Curtis et al. 1994 , Steinger et al. 1997 ) differences in physiological responses to CO2 enrichment. Woody species have consistently demonstrated interspecific variation in photosynthetic responses to elevated [CO2] (reviewed by Curtis and Wang 1998) . Little is known about their intraspecific variation in response to CO2 enrichment, although some studies have shown differential responses in stomatal conductance by Populus hybrids Jarvis 1990a, 1990b) , and magnitude of A stimulation by Populus tremuloides Michx. (Kalina and Ceulemans 1997) and Salix arctica Pall. (Jones et al. 1999) clones. Given the magnitude of carbon exchange by forests, it is important to understand how different tree genotypes will respond physiologically to CO2 enrichment. If some genotypes have larger A and growth in response to elevated [CO 2 ] than other genotypes, these genotypes may be favored in a higher [CO2] environment in the future. This could result in altered genotypic representation within natural populations (Curtis et al. 1994, Farnsworth and Bazzaz 1995) that may, in turn, affect the composition and structure of plant communities.
In addition to direct effects on tree physiology, increasing atmospheric [CO2] may also indirectly affect forest productivity through effects on climate. Anticipated climatic changes with a doubling of atmospheric [CO 2 ] include a 3.9°C increase in mean air temperature in the Great Lakes region (Giorgi et al. 1994) and an increase in aridity in many regions as a result of increased evaporation (Rind et al. 1990) . Elevated [CO2] and water stress have interactive effects on the physiology and growth of plants (Conroy et al. 1988 , Liang et al. 1995 , Tschaplinski et al. 1995 , Centritto et al. 1999 . It has been shown that different tree species respond differentially to increased atmospheric [CO2] and water stress (Tolley and Strain 1984 , Heath 1998 ; however, virtually nothing is known about intraspecific variation in drought responses of woody species growing in elevated atmospheric [CO2] .
We examined intraspecific variation in physiological and growth responses to elevated atmospheric [CO2] in Populus tremuloides. We chose P. tremuloides because (1) it is the most widespread tree species in North America, (2) it has distinctive clones (Barnes 1959 , Fowells 1965 , and (3) it is important both ecologically and economically (Farmer 1996) . We hypothesized that there would be physiological and growth differences among genotypes in their responses to elevated [CO2] because of differences in some aspects of their vegetative growth under ambient conditions (Sakai and Burris 1985) . We also investigated whether genotypes differed in their physiological responses to drought stress in elevated [CO2].
Materials and methods

Experimental design and plant growth conditions
In February 1994, softwood cuttings of six genotypes of Populus tremuloides (trembling aspen) were propagated from root segments taken from naturally occurring clones growing on the Pellston Plain in northern Lower Michigan (45°34′ N, 84°40′ W). Three genotypes (42E, 51E and 61E) were characterized as having early leaf senescence, typically dropping leaves in mid-October, and three genotypes (1L, 2L and 8L) were characterized as having late leaf senescence, typically dropping leaves in early November. In May 1994, saplings were transplanted to 20 3.5 × 3.5 × 0.6-m open-bottom root boxes at the University of Michigan Biological Station (UMBS), about 5 km from the field collection site for the root segments. The root boxes, lined with 1.3-cm thick styrofoam insulation and plastic sheeting, were located on Rubicon sand soil with the A and E horizons removed. Two contrasting soil nitrogen (N) availability treatments were established by filling 10 root boxes with 100% locally excavated Kalkaska series topsoil (Typic Haplorthod, high-N treatment) , and the other 10 boxes with a homogenized mixture of 20% Kalkaska soil and 80% Rubicon sand (Entic Haplorthod, low-N treatment) . Net N mineralization was significantly higher in high-N soil (318 ng N g -1 day -1 ) than in low-N soil (62 ng N g -1 day -1 ) .
Twenty open-top chambers (3-m diameter × 2.4-m height) were placed over the root boxes. The experiment was a 2 × 2 factorial design with [CO2] (ambient or elevated) and soil N availability (low or high) as the main factors. Two rooted cuttings from each of the six genotypes were grown in each chamber in two concentric circles. All treatments were replicated five times in a randomized complete block design.
Ten of the open-top chambers were supplied with ambient [CO2] and the remaining 10 chambers were supplied with elevated [CO 2]. Pure CO2 was dispensed through manual flow meters into input blowers and then into the chambers comprising the elevated [CO2] treatment. Concentration of CO2 was monitored with an infrared gas analyzer (LI-6262, Li-Cor Inc., Lincoln, NE). Daytime (0700-1900 h) and nighttime (1900-0700 h) CO2 concentrations were 707 ± 0.6 µmol mol -1 (mean ± SE) and 732 ± 1.4 µmol mol -1 , respectively, for the elevated [CO2] treatment, and 357 ± 0.6 and 383 ± 0.9 µmol mol -1 , respectively, for the ambient treatment, averaged across the entire experimental period. The elevated [CO2] treatment was maintained from late May (approximately 1 week before leaf initiation) until completion of leaf fall each year. Temperature inside the chambers was 1.34 ± 0.24°C (mean ± SE) higher than outside and the plastic chamber covering (0.02 cm polyvinyl chloride film with UV inhibitors) transmitted about 80% of photosynthetically active radiation (PAR).
Trees were well-watered during the 1994 growing season to facilitate establishment. In August 1995, 5% of total aboveground stem volume of each plant was removed by clipping the terminal branches to prevent growth outside the chambers in 1996. All chambers were extended vertically to 3.4 m in September 1995. Beginning with the 1995 growing season and through mid-July 1996, trees received only natural precipitation. During final harvest in 1996, chambers were watered to soil field capacity to alleviate drought stress.
Leaf gas exchange and water potential measurement
Gas exchange measurements on the youngest mature leaves were made between 1000 and 1600 h with a Li-Cor LI-6400 portable photosynthesis system. Variation in photosynthetic rate during this period was minor, but was accounted for by making replicate measurements within a treatment at different times across the 6-h measuring period. All six genotypes were assessed for A and stomatal conductance (g s ) responses to CO 2 enrichment in June 1996. Two genotypes representing early (61E) and late (1L) leaf senescence were selected for study of photosynthetic light responses to elevated [CO 2 ] on both sun leaves (leaves on top of the canopy) and shade leaves (leaves inside the canopy). Leaf temperature inside the cuvette was maintained between 27 and 29°C, and cuvette relative humidity was about 60%. Leaves were allowed to equilibrate for 5 min before measurements were taken. Photosynthetic quantum yield (Φ) Limited precipitation during June and July 1996 provided an opportunity to study effects of drought on the physiological responses of different genotypes to elevated [CO2] . There was 38.6 mm of precipitation between June 7 and July 18, 1996. Precipitation during the same period in 1995 was 106.7 mm, close to the 15-year mean of 95.7 mm (UMBS climatological records). Some experimental trees in the high-N soil treat-ment, which had about 3 times more total leaf area than plants in the low-N soil treatment , showed signs of drought stress, such as wilting of leaves along the terminal branches, starting July 12, 1996. Therefore, on July 15, 1996, we began intensive gas exchange measurements of high-N plants of genotypes 8L and 51E in three blocks.
Genotypes 8L and 51E were selected for the drought response study because they represented different leaf senescence phenotypes and exhibited visible differences in their responses to the drought event. Genotype 8L leaves started to wilt earlier than genotype 51E leaves. All chambers were watered to field capacity on July 18, 1996, and this was followed the same day by 45.7 mm of precipitation. We continued gas exchange measurements until July 21 to investigate genotypic variation in recovery from drought. Predawn and midday water potentials were measured on July 16, 1996, with a pressure chamber (PMS Instrument Co., Corvallis, OR). Soil water content was measured gravimetrically in four soil cores taken from each high-N chamber on July 17, 1996.
Trees were destructively harvested beginning July 8, 1996, while physiological measurements continued on the blocks that were not being harvested. Following complete recovery of below-and aboveground tissues and their fresh mass determination, approximately 5% of leaf, branch, stem and root tissues from each tree was oven-dried at 70°C to estimate total dry mass. Leaf area was measured with a Li-Cor LI-3000 leaf area meter (see Zak et al. 2000 for details of the harvest).
Statistical analysis
Effects of CO 2 and soil N were examined by analysis of variance (ANOVA) for a randomized complete block design, where the whole chamber was the experimental unit. Data expressed on a per tree basis were subjected to ANOVA for a split-plot factorial block design, where the main effects (CO 2 and soil N) and CO 2 × soil N interaction were tested over the CO 2 × soil N nested within block mean square. The effect of genotype and all treatment interactions with genotype were tested over the error mean square. Comparisons among CO 2 and soil N treatment means were made by Least Significant Difference (LSD) for a priori comparisons (between CO 2 treatments within a soil N treatment), and by Minimum Significant Difference (MSD) for all a posteriori comparisons (within and among genotypes) (Sokal and Rohlf 1981) .
Results
Net CO2 assimilation
After two growing seasons, net CO 2 assimilation (A) of plants grown at elevated [CO 2 ], averaged across all six genotypes, was 51 and 40% higher than that of plants grown at ambient [CO 2 ] in the high-N and low-N soil, respectively (Table 1) . There was a significant CO 2 × genotype interaction on A (Table 2). All genotypes, except genotype 1L, had significantly higher A at elevated [CO 2 ] than at ambient [CO 2 ] (Table 1) . Soil N availability differentially affected the magnitude of A enhancement by elevated [CO 2 ] (∆A). For example, ∆A was 54 and 63% for genotypes 42E and 51E, respectively, in high-N soil, but the corresponding values in the low-N soil were only 27 and 33%, respectively. In genotype 61E, ∆A was not altered by low N availability. In genotype 1L, ∆A was 50% higher in plants in the low-N soil than in the high-N soil. Soil N availability had no direct effect on A in either CO 2 treatment (Table 2) .
In 1995, A of sun leaves of genotypes 1L and 61E was higher at elevated [CO2] than at ambient [CO2] in high-N soil, but not in low-N soil (Table 3a) . In July 1996, when there was a drought, there was no CO2 effect on A of sun leaves when averaged across the two genotypes (Table 3b ), but elevated [CO2] significantly increased A of shade leaves (Table 3c ). Net CO2 assimilation of genotype 1L sun leaves was unaffected by growth [CO2] in either low-N or high-N soil in 1995 and in early June 1996, before the trees were water-stressed. However, during the drought period in July 1996, A of genotype 1L sun leaves was higher at elevated [CO2] than at ambient [CO 2 ] in both low-N and high-N soil, although A of genotype 1L shade leaves was enhanced only by elevated [CO2] in low-N soil (Tables 3b and 3c ).
Stomatal conductance and Ci/Ca
Elevated [CO 2 ] significantly reduced g s of plants in both low-N and high-N soil, but there were no overall effects of soil N on g s when compared at the same [CO 2 ] (Tables 1 and 2 ). However, there was a significant CO 2 × genotype interaction on g s (Table 2 ). Stomatal conductance of genotype 1L leaves was significantly higher at ambient [CO 2 ] than at elevated [CO 2 ] in both low-N and high-N soil, whereas g s of genotype 42E leaves was higher at ambient [CO 2 ] only in high-N soil. Growth [CO 2 ] had no effect on g s of the other four genotypes in either soil N treatment (Table 1 ). The C i /C a ratio differed significantly among genotypes, with genotype 2L consistently showing the lowest C i /C a ratio (Tables 1 and 2 ). Despite a reduction in overall g s at elevated [CO 2 ], overall C i /C a was unaffected by the elevated [CO 2 ] treatment. This was true both for genotype 1L, which showed a significant reduction in g s at elevated [CO 2 ], and for the other genotypes, which showed no g s response to elevated [CO 2 ].
There was a significant positive correlation between ∆A and ∆gs ( Figure 1) . The greater the reduction in g s in response to elevated [CO2], the less A was enhanced by elevated [CO 2 ]. For example, ∆gs of 1L, which did not show a significant photosynthetic response to elevated [CO 2 ], was -49% averaged across soil N treatments, whereas ∆gs was only -11% for genotype 61E, which showed significant positive photosynthetic responses to CO2 enrichment (Table 1) .
Photosynthetic light responses
Photosynthetic quantum yield (Φ) of sun leaves, averaged across genotypes 1L and 61E, was not affected by growth [CO 2 ] or soil N availability in 1995 (Table 3a) . In 1996, however, average Φ was significantly higher at elevated [CO 2 ] compared with ambient [CO 2 ] for sun leaves in high-N soil TREE PHYSIOLOGY ON-LINE at http://www.heronpublishing.com and for shade leaves in both soil N treatments, although Φ of sun leaves of genotype 61E and shade leaves of genotype 1L in high-N soil were unaffected by elevated [CO 2 ] in 1996 (Tables  3b and 3c) .
There was no effect of growth [CO 2 ] or soil N availability on LCP for sun or shade leaves (Table 3) . The only treatment effect on LCP was a significantly higher LCP of genotype 61E sun leaves in high-N than in low-N soil at ambient [CO2] in 1995 (Table 3a) .
Physiological responses to drought stress
Before the 1996 drought, genotypes 8L and 51E had a sub-1022 WANG, CURTIS, PREGITZER AND ZAK TREE PHYSIOLOGY VOLUME 20, 2000 Table 2 . Summary of ANOVA of a split-plot design, testing the effects of elevated [CO 2 ] and soil N availability on net CO 2 assimilation rate (A), stomatal conductance (g s ) and ratio of intercellular CO 2 concentration to leaf surface CO 2 concentration (C i /C a ) measured in early June 1996, and total biomass at harvest (CO 2 and N availability as main plot and genotype as sub-plot). Asterisks indicate significant differences: * = P ≤ 0.10, ** = P < 0.05, and *** = P < 0.01. stantial, positive A response to CO 2 enrichment, which was similar to their behavior in early June 1995 (Figure 2a ). However, both genotypes experienced a sharp decline in A during the period from early June to mid-July, 1996, when precipitation fell markedly below average. Plants grown in elevated [CO 2 ] continued to have significantly higher A than plants grown at ambient [CO 2 ], although there was no difference in soil water content between CO 2 treatments (soil water contents in the ambient and elevated [CO 2 ] treatments were 5.0% ± 0.20 and 5.2% ± 0.07, respectively, mean ± SE, n = 3). After water stress was relieved by watering and rainfall (July 18, 1996) (Figure 2a) . After the drought, however, A and g s were significantly higher for genotype 51E leaves than for genotype 8L leaves in both CO 2 treatments. Although there was no overall effect of growth [CO2] on leaf water potential (Ψ) on July 16, 1996, there was a difference in Ψ between genotypes and in their responses to [CO 2] (Figure 3 ). Carbon dioxide concentration had no effect on predawn Ψ (Ψpd) of genotype 51E, but significantly increased Ψpd of genotype 8L. Genotype 8L had significantly lower Ψ pd than genotype 51E plants at the same [CO2]. Midday Ψ (Ψ md ) of genotype 8L was also significantly lower than that of genotype 51E, although growth [CO 2] had no effect on Ψmd of either genotype. There was no CO2 effect on total leaf area at harvest of genotypes 8L or 51E, but genotype 8L had 68% greater leaf area than genotype 51E (Figure 4) . 
Total biomass
There were significant growth [CO 2 ] and soil N availability effects on total biomass (Table 2) . We did not detect a significant CO 2 × genotype interaction statistically (Table 2 ), but genotypes differed in the magnitude and significance of their responses to growth [CO 2 ] ( Figure 5 ). The response of total biomass to elevated [CO 2 ] varied between a 29% reduction in genotype 2L and a 94% increase in genotype 61E in low-N soil, and between a 9% increase in genotype 51E and a 68% increase in genotype 61E in high-N soil. Genotype 61E was the most responsive of the genotypes in biomass response to elevated [CO 2 ] in low-N and high-N soil ( Figure 5 ). There was a significant correlation between A and biomass (P = 0.045). However, r 2 for the linear model was 0.042, showing that only a very small fraction of the variation in biomass was explained by variation in this single measure of A. The June 1995 and June 1996 data show the photosynthetic rates when genotypes were not drought-stressed. Arrow indicates timing of watering followed by rainfall on July 18, 1996 (n = 5 for 1995; n = 3 for 1996; and * = P < 0.05.). Contrasts were conducted for genotype effect at the same CO 2 concentration. 
Discussion
We found a significant CO 2 × genotype interaction in the photosynthetic responses of P. tremuloides in June 1996, demonstrating that not all genotypes responded similarly to CO 2 enrichment. Even among genotypes that exhibited a positive photosynthetic response to CO 2 enrichment, there was an almost threefold difference in the magnitude of CO 2 stimulation of A. This is in agreement with results from a recent study examining genotypic differences of A to elevated [CO 2 ] by Kalina and Ceulemans (1997) , who found large differences in the response of A to elevated [CO 2 ] in two hybrid Populus genotypes (228 versus 80%). Despite the genotypic differences, the overall A of P. tremuloides was significantly higher at elevated [CO 2 ] compared with ambient [CO 2 ], consistent with previous work with tree species (reviewed by Curtis and Wang 1998) . Moreover, the absolute magnitude of A stimulation by elevated [CO 2 ] in high-N soil in this study (51%) was similar to the overall mean calculated from 50 studies conducted under similar [CO 2 ] and soil fertility conditions (54%) (Curtis and Wang 1998) . Soil N availability had no significant effect on CO2 fixation rate in the P. tremuloides genotypes, but it affected the relative enhancement of A (∆A) by elevated [CO2]. Our results are in general agreement with previous studies showing that nutrient deficiency can affect photosynthetic responses of herbaceous and woody species to elevated [CO 2 ], usually by reducing the CO2 effect on A (Idso et al. 1991 , Norby et al. 1992 , Curtis et al. 1995 , Curtis 1996 . We found that N deficiency reduced ∆A in some genotypes, but not in others. For example, among the four genotypes that showed positive A responses to CO2 enrichment in both low-N and high-N soil, ∆A of genotype 42E was 50% larger in high-N soil than in low-N soil, whereas ∆A of genotype 8L was 24% larger in low-N soil than in high-N soil. Differences among P. tremuloides genotypes in their photosynthetic response to elevated [CO2] could be explained in part by the differential effects of [CO2] on specific leaf area (SLA). Luo et al. (1994) Curtis (1996) and Curtis and Wang (1998) , who found no overall effect of [CO2] on tree g s . It also differs from our observation that gs was 50% less in June 1996 than in August 1995. Furthermore, in July 1996, gs was 50% of the value that we observed in June 1996 . At these times, there was no growth [CO2] effect on gs. These inconsistencies mirror published reports of stomatal responses to elevated [CO2], which range from significant reduction (Bassow et al. 1994 , Eamus et al. 1995 ) to significant increase O'Neil 1991, Pettersson and McDonald 1992) in gs. Variation in observed responses of g s to elevated [CO2] could be affected by the time of day or environmental conditions, or both, when gs was measured. For example, in our study, g s averaged across CO 2 and soil N treatments was 0.24 mol m -2 s -1 in June 1996, when g s was responsive to growth [CO2], and 0.14 mol m -2 s -1 in July 1996, as drought stress became progressively more severe and gs no longer responded to growth [CO2] . Similarly, Centritto et al. (1999) found that gs of Prunus avium (L.) L. trees was significantly reduced at elevated [CO2] when trees were well watered, but remained unchanged when trees were drought stressed. These results indicate that the response of gs to CO 2 enrichment is dependent on environmental factors, particularly soil water availability.
We found a significant correlation between the magnitude of A enhancement and gs reduction by elevated [CO 2 ]. For example, gs of genotype 1L was significantly reduced, whereas A was unaffected by elevated [CO2] in both low-N and high-N soil. Conversely, for genotypes that showed a significant increase in A (8L, 42E, 51E, 61E), gs was unaffected by elevated [CO2] . Elevated [CO 2 ], however, had no effect on the ratio type, suggesting that variation in ∆A was probably a result of non-stomatal factors. Therefore, the correlation between ∆A and ∆g s reflected stomatal adjustment to photosynthetic capacity rather than stomatal control over photosynthetic response. These results support those of Ball et al. (1987) and Woodrow et al. (1990) , who found that, at elevated [CO 2 ], biochemical factors, rather than stomatal conductance, dominated the rate of CO 2 fixation. We found that neither growth [CO2] nor soil N availability affected light compensation point (LCP) of P. tremuloides, a shade-intolerant species (Barnes and Wagner 1981) . Kubiske and Pregitzer (1994) found that the LCP of Betula papyrifera Marsh., another shade-intolerant species, remained unchanged at elevated [CO 2 ], whereas the LCPs of the more shade-tolerant Quercus rubra L. and Acer rubrum L. were reduced by CO2 enrichment. Light compensation point is jointly determined by leaf dark respiration rate (R d ) and photosynthetic quantum yield (Φ). We found little effect of elevated [CO 2] on Φ or leaf R d for any sampling date (Wang 1999) , and hence would expect little effect of elevated [CO 2] on LCP. Previous studies reporting no response of LCP to elevated [CO 2 ] also reported no effects on R d or Φ Drake 1991, Kubiske and Pregitzer 1994) . In contrast, Osborne et al. (1997) found that a decrease in LCP at elevated [CO 2 ] in Duchesnea indica (Andr.) Focke was associated with an increase in Φ.
We observed a differential response to combined drought stress and CO 2 enrichment between genotypes 8L and 51E. Genotype 8L showed visible symptoms of stress earlier and A recovered more slowly compared with genotype 51E. These different physiological responses to drought were probably related to the significant differences in canopy development between these genotypes. Genotype 8L had 45% greater leaf area than genotype 51E, regardless of growth [CO 2 ], and consequently lost more water through evapotranspiration, as indicated by the lower predawn and midday water potentials in genotype 8L compared with genotype 51E. Abrams et al. (1990) also noted genotypic differences in Fraxinus pennsylvanica Marsh., which differed in photosynthesis and water relations under drought stress at ambient [CO2] . In that study, only one genotype adjusted osmotically; consequently, it had lower osmotic potential than the other genotypes at the end of the drought period. Our data suggest that genotypic differences in response to drought by tree species will likely be maintained in elevated [CO 2]. In addition to physiological differences among genotypes in their responses to elevated [CO 2 ], we also found genotypic differences in biomass accumulation in response to elevated [CO 2 ]. There is growing evidence in both herbaceous (e.g., Curtis et al. 1994 ) and woody species of significant intraspecific variation in growth responses to elevated [CO2] . Within the genus Populus, Radoglou and Jarvis (1990a) and Ceulemans et al. (1995) found differential biomass responses to elevated [CO 2] among different clones. The mechanism(s) underlying these differential growth responses remains unclear. We found that biomass responses to CO2 enrichment were poorly correlated with A or g s responses. A more extensive investigation of trait correlations (e.g., aggregated physiological measures or total leaf area versus biomass) also failed to identify a mechanism that fully accounted for the differential growth responses among genotypes (unpublished data). We conclude that the differential genotypic responses exhibited by P. tremuloides could affect the population structure of this ecologically important species and hence the composition of plant communities in the Great Lakes region. Tree breeders interested in biomass production or carbon sequestration could exploit this underlying genetic variability by selecting for P. tremuloides genotypes that are able to take advantage of future atmospheric [CO2] conditions.
